INTRODUCTION
The ends of human chromosomes are protected from degradation and fusion by telomeres (1) . Telomeres consist of tandem repeats of the sequence TTAGGG (2) . Chromosomal analysis has shown that telomeres lose up to 200 bp of DNA per cell division in vivo and in vitro (3) . This is due to the inability of DNA polymerase to completely replicate the chromosomal ends (4) . Chromosomal shortening ultimately leads to senescence and death in normal cells (5) . Therefore, progressive telomere shortening is considered to be a mitotic clock that limits the lifespan of normal cells (6) .
In contrast to normal somatic cells, many immortal lines do not exhibit telomere shortening during DNA replication, suggesting that maintenance of these structures is required to escape replicative senescence (7) . Telomere shortening is frequently arrested in immortal and tumor cell lines (8, 9) . Telomere maintenance in these cells is the result of the activity of a ribonucleoprotein complex known as telomerase (1) . Telomerase synthesizes telomeric DNA onto chromosome ends using its RNA component as template (10, 11) . Mutations in the telomerase RNA template result in greatly increased telomere length in yeast (12) and nullizygous mice exhibit a decreased lifespan, a diminished stress response and increased tumor formation, likely due to chromosomal abnormalities (13, 14) . Components of the telomeric protein complex have been cloned (15) (16) (17) (18) and the telomerase catalytic subunit has been identified (16, 19, 20) . Overexpression of the catalytic subunit extends the lifespan of mouse embryo fibroblasts (21) , but inactivation of retinoblastoma (Rb) and p16 INK4A in addition to telomerase activity was required to immortalize human epithelial cells (21) .
Telomerase activity has been localized to regenerative and stem cell populations (22) and lines immortalized by viral oncogenes (23) . Terminal differentiation of these cells results in inhibition of telomerase activity (24) . Telomerase activity is a common feature of tumor tissue and cell lines (25) . Telomerase activation has been suggested to be a late event in tumorigenesis (26) and high levels of activity result in an unfavorable clinical prognosis (27) . Regulation of telomerase activity has been controversial. Some studies have shown that telomerase activity is expressed throughout the cell cycle (28) , while others have demonstrated phase-specific regulation (29) , suggesting that telomerase regulation may be a cell type-specific process. Buchkovich and Greider (30) demonstrated that cycling but not quiescent leukocytes express telomerase activity, indicating that telomerase activity may be a proliferation marker. Recent experiments have demonstrated that telomerase activity may be associated with specific G 1 phase defects in breast cancer cells (31) .
Progression from G 1 to S phase is regulated by cyclin-dependent kinase (cdk) phosphorylation of Rb family proteins (for a review see 32) . The activity of cdks is regulated by two groups of proteins, the cyclins and cdk inhibitors. Phosphorylation of Rb releases E2F transcription factors which regulate target genes involved in cell division. However, E2F-1 null mutant mice develop a variety of malignant tumors, suggesting that this transcription factor has a tumor suppressor function (33) . We hypothesized that repression of telomerase activity would select against the immortalized phenotype of human cancer cells. In order to determine if the tumor suppressor function of E2F-1 included repression of telomerase, we examined the human telomerase promoter for potential E2F-binding sites. Two non-canonical sites were found to mediate repression of the telomerase promoter by E2F-1. This study suggests that repression of the telomerase gene by E2F-1 may be an important tumor suppressor function of this transcription factor.
MATERIALS AND METHODS

Cell culture
The SCC25 cell line used in this study has been described previously (34) . Cells were cultured in Dulbecco's modified Eagle's medium, 10% fetal bovine serum and 40 µg/ml gentamicin. All cells were grown at 37°C in a humidified atmosphere of 5% CO 2 .
hTERT promoter constructs and transient transfection
Cloning of the human telomerase promoter has been reported previously (35) . Deletion of the 5′-end of the construct to -200 bp was performed by PCR and the resulting downstream fragment was subcloned into the luciferase reporter vector pGL3. Mutation of the putative E2F sites at -174 and -98 bp to 5′-CGCct-3′ in the full-length and deletion constructs was performed using a Gene Editor site-directed mutagenesis kit (Promega). Triplicate cultures of SCC25 cells were transiently transfected with 5 µg of the indicated hTERT promoter/reporter vectors along with 2 µg E2F-1 expression plasmid or blank vector using LipofectAMINE according to the manufacturer's recommendations (Life Technologies). The E2F-1 expression vectors were provided by Dr Karen Vousden (36) . An aliquot of 1 µg β-galactosidase expression plasmid (Vical) was used to normalize for transfection efficiency. Cells were harvested and reporter gene activity determined using a commercially available kit (Dual-light; Tropix). Luciferase activity was normalized to β-galactosidase levels for each sample.
Electrophoretic mobility shift assay
SCC25 nuclei (10 7 ) were extracted in 20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl 2 , 1.2 M KCl, 0.2 mM EDTA, 0.2 mM PMSF and 0.5 mM DTT for 30 min at 4°C. Following centrifugation at 10 000 g for 30 min at 4°C, the supernatant was removed and dialyzed against 20 mM HEPES, pH 7.9, 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.2 mM PMSF and 0.5 mM DTT for 1 h at 4°C. An aliquot of 15 µg of dialyzed nuclear extract was incubated in binding reactions containing 2 µg poly(dI-dC)·poly(dI-dC) and 10 000 c.p.m. 32 P-endlabeled double-stranded oligonucleotide corresponding to -184 to -161 bp of the hTERT promoter containing the putative E2F site (5′-CGCCCAGGACCGCGCTCCCCACGT-3′). For binding competition analysis, a 10-to 1000-fold molar excess of unlabeled probe or 5′-CGCCCAGGACCGCctTCCCCACGT-3′ mutated oligonucleotide was included in the reactions. To determine if E2F-1 was present in the shifted complexes, 1 µl of anti-human E2F-1 antibody (Santa Cruz Biotechnology) or control IgG was included in the binding reactions. Reactions were incubated at room temperature for 15 min and subjected to native polyacrylamide gel electrophoresis using 0.5× Tris/ borate/EDTA running buffer. Gels were dried and exposed to Kodak XAR5 autoradiographic film for 16 h at -80°C.
Northern blotting
An aliquot of 30 µg total cellular RNA was electrophoresed in 1% agarose gels containing 2.2 M formaldehyde using 1× MOPS running buffer. RNA was capillary transferred to nylon membranes (Nytran; Schleicher and Schuell) and crosslinked using a UV Stratalinker (Stratagene). Membranes were prehybridized in 50% formamide, 5× SSPE, 1× Denhardt's solution and 0.2% SDS at 42°C for 8 h followed by addition of 6 × 10 6 c.p.m. 32 P-labeled hTERT cDNA probe (19) . Blots were incubated at 42°C for 16 h followed by two washes in 2× SSC, 0.1% SDS at 50°C for 45 min each and one wash in 0.2× SSC, 0.1% SDS at 65°C for 45 min. Blots were exposed to Kodak XAR5 autoradiographic film for 16 h at -80°C. Blots were stripped and hybridized with an 18S rRNA probe to normalize for the amount of RNA in each lane. Bands were quantitated using a Molecular Dynamics PhosphorImager.
Telomeric repeat amplification protocol
The telomeric repeat amplification protocol (TRAP) has been described previously (25) . SCC25 cells were lysed in buffer containing 10 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM benzamidine, 5 mM β-mercaptoethanol, 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate and 10% glycerol. After a 30 min incubation on ice, the lysates were centrifuged for 30 min at 12 000 g and the supernatant stored at -80°C. Protein concentrations were determined by the Bradford method using Bio-Rad protein dye reagent according to the manufacturer's recommendations. Extracts were diluted in lysis buffer and between 5 ng and 5 µg protein was incubated with 0.1 µg TS primer (5′-AATCCGTCGAG-CAGAGTT-3′) and 0.1 µg CX primer (5′-CCCTACCCTAC-CCTACCCTAA-3′). The 50 µl reaction mixture also contained 50 µM each deoxynucleotide triphosphate and 5 µCi [α-32 P]dCTP in 20 mM Tris-HCl, pH 8.3, 1.5 mM MgCl 2 , 63 mM KCl, 0.05% Tween-20, 1 mM EGTA and 2.5 U Taq DNA polymerase (Boehringer Mannheim). Following a 30 min incubation at 30°C, samples were subjected to 20 cycles of PCR at 95°C for 30 s, 50°C for 30 s and 72°C for 1 min. The PCR products were separated on 10% non-denaturing polyacrylamide gels using 0.5× Tris/borate/EDTA running buffer. Gels were dried and exposed to autoradiographic film (Kodak XAR5) at -80°C for 16 h. Heat-inactivated extracts were used as the negative control.
RESULTS
Sequence analysis of the hTERT promoter revealed two potential E2F-binding sites located at -174 and -98 bp relative to the transcription start site (Fig. 1A) . To eliminate potential contributions of upstream divergent sites, a second construct containing only the proximal 200 bp of the hTERT promoter was created (-200 hTERT, Fig. 1B) . To evaluate the contributions of the putative E2F sites at -174 and -98 bp, these sequences were each mutated to CGCct (m174 hTERT and m98 hTERT). A fifth construct in which both sites were mutated was also created (m174m98 hTERT). These constructs were individually introduced into SCC25 cells by transient transfection. As shown in Figure 2 , deletion of the 5′-end of the hTERT promoter to -200 bp only marginally reduced luciferase activity. However, when the putative E2F site at -174 bp was mutated, a dramatic increase in promoter activity was observed. The activity of the m174 hTERT construct was ∼4-fold higher than the intact promoter or the -200 hTERT vector. Similarly, mutation of the putative E2F site at -98 bp also induced promoter activity, although to a lesser extent than the m174 hTERT construct (3-fold increase, Fig. 2 ). When both sites were mutated, an even greater induction of promoter activity was observed (>5-fold for m174m98 hTERT). These data indicate that the putative E2F sites at -174 and -98 bp in the hTERT promoter act as potent repressors of transcriptional activity.
In order to determine if E2F-1 could bind the canonical sites in the hTERT promoter, electrophoretic mobility shift analysis using the sequence flanking the -174 bp site was performed. As shown in Figure 3 , incubation of the radiolabeled probe with SCC25 nuclear extract produced a shifted complex. Inclusion of anti-E2F-1 antibody in the binding reactions produced a slight but consistent supershift, indicating the presence of this transcription factor in the complex. Incubation of the nuclear extracts with up to a 1000-fold molar excess of unlabeled probe effectively competed for binding to the radiolabeled oligonucleotide. However, incubation with unlabeled probe in which the putative E2F-binding site was mutated did not compete with the radiolabeled wild-type oligonucleotide. No binding to the radiolabeled mutant probe alone was observed nor was a shifted complex evident in the absence of nuclear extract. Similar results were obtained using a probe corresponding to the -98 bp binding site (data not shown). These results indicate that E2F-1 can specifically bind to the putative E2F sites located at -174 and -98 bp of the hTERT promoter. To determine the effects of E2F-1 overexpression on the activity of the hTERT promoter constructs, an E2F-1 expression vector or one lacking DNA-binding activity (E132) (36) was co-transfected along with the reporter plasmids. Blank expression vector was used for comparison. As shown in Figure 4 , E2F-1 overexpression decreased the activity of the hTERT and -200 hTERT constructs by 70%, suggesting that E2F-1 acts as a transcriptional repressor of this promoter. E2F-1 also decreased the activity of the m174 hTERT construct by 50%. However, E2F-1 repressed transcription from the m98 hTERT construct by only 30% and the double mutant m174m98 hTERT construct was inhibited by only 10%. These results suggest that the putative E2F sites of the hTERT promoter mediate transcriptional repression by E2F-1. The E132 mutant E2F-1 expression vector lacking DNA-binding activity was ineffective at mediating transcriptional repression of the reporter vectors (Fig. 4) . These data indicate that both of the putative E2F sites mediate transcriptional repression of the hTERT promoter, with the -98 site being somewhat more effective. E2F-1-mediated repression was also dependent on its DNA-binding ability.
In order to determine if E2F-1 could mediate repression of the endogenous telomerase gene, we stably transfected the E2F-1 expression plasmid or blank vector into SCC25 cells. hTERT mRNA expression and enzymatic activity were determined by northern blot and TRAP assay. As shown in Figure 5A , E2F-1 overexpression reduced hTERT mRNA levels by 4-fold. This reduction in hTERT mRNA expression was accompanied by decreased telomerase activity as determined by TRAP assay (Fig. 5B) . These data indicate that E2F-1 inhibits expression of the endogenous hTERT gene at the level of transcription.
DISCUSSION
The key finding of this study is that E2F-1 represses transcription of the human telomerase gene. This repression was mediated by two non-canonical E2F-binding sites in the proximal portion of the hTERT promoter. E2F-1 bound specifically to these sites and its repressive effect was dependent on an intact DNA-binding domain. E2F-1 has been shown to promote cell cycle progression in numerous studies (for a review see 32). However, E2F-1 null mutant mice develop a number of malignant tumors, including lymphoma, lung adenocarcinoma and uterine sarcoma among others (33) . The mechanisms by which inactivation of this transcription factor leads to this wide variety of cancers in mice are unclear. This study provides a potential insight into this paradox. If one of the normal functions of E2F-1 is inhibition of telomerase activity, functional inactivation of this factor may allow activation of the enzyme, thereby predisposing potential cancer cells to immortalization. However, it is likely that other genetic events occur during tumorigenesis in these mice which are independent of E2F-1. While our promoter experiments, northern blot data and TRAP assays all confirm inhibition of telomerase activity by E2F-1, a direct demonstration of transcriptional repression by nuclear run-off analysis will be required in future experiments. Additionally, our results do not rule out the indirect effects of loss of E2F-1 function on downstream target genes.
Historically, E2F proteins have been characterized as transcriptional activators (37) . Few studies have demonstrated transcriptional repression by these proteins (38) . Our characterization of E2F-1 as a transcriptional repressor of human telomerase gene expression represents a unique new role for these factors. Whether other E2F proteins can also repress the telomerase promoter will be the subject of future experiments. The application of large-scale expression analyses will likely reveal additional genes which are repressed by E2F transcription factors.
The role of other tumor suppressors in regulating transcription of the hTERT gene has been investigated. The Wilms' tumor suppressor (WT1) has been shown to repress the activity of hTERT promoter constructs (39) . The effects of WT1 on the hTERT promoter were mediated by a canonical site between -307 and -423 bp. This repression was not observed in HeLa cells, which lack functional WT1. These results suggest that hTERT activation is at least in part cell specific.
Conversely, activation of the hTERT promoter and the endogenous gene by c-Myc has been the focus of several studies (40) (41) (42) . Myc overexpression significantly increases activity of the core promoter. Myc/Max heterodimers are believed to be the activating complex whereas Mad/Max acts as a transcriptional repressor. Sp1 has also been shown to activate the hTERT promoter in cooperation with Myc. These two proteins are induced when fibroblasts overcome replicative senescence, which correlates with telomerase activation. In breast cancer cells, estrogen acting via its nuclear receptor has been shown to activate the hTERT promoter via an imperfect palindrome, but also in conjunction with Myc/Max (43) .
In summary, E2F-1 represses transcription via consensus binding sites in the hTERT promoter, suggesting a potential mechanism for tumor formation in the absence of this factor. Recently, adenoviral transduction of E2F-1 into human squamous cell carcinoma lines was shown to inhibit telomerase activity (44) . Regulation of telomerase gene expression remains a complex issue. Future experiments will be aimed at dissecting the cell cycle progression and tumor suppression functions of E2F-1 with regard to its effects on telomerase expression.
